ABSTRACT: Construction projects are characterized by their dynamic nature and operational details. This paper presents a hybrid simulation methodology; designed to model construction projects. The methodology utilizes Discrete Event Simulation (DES) and System Dynamics (SD). DES has been widely used in modeling construction operations; however, it lacks the ability to model the global aspects of operations being modeled and the cause-effect relations of simulation variables. SD is utilized to circumvent these limitations. Both simulation methods provide valuable decision support but none is individually capable of capturing the holistic nature of the operation being modeled. The developed methodology integrates DES and SD to utilize their respective advantages in simulating construction operations. The developed methodology encompasses five stages: 1) identification of model objectives, 2) decision criteria to assist in selecting simulation methodology, 3) building simulation model and identification of interface variables, 4) computation framework and 5) implementation and testing. The paper describes the essential features of the developed methodology and its computational framework and focuses primarily on the modeling aspects of SD. A case study project is analyzed to demonstrate the use of the developed methodology and to highlight its capabilities.
INTRODUCTION
Construction projects are dynamic and subject to randomness. They involve many interoperations, which include context, operations and resource interactions (AbouRizk and Hague 2009). Numerous strategic and operational decisions are made over a project's lifecycle. These make prediction of construction project performance a complex and challenging task for project managers. The construction environment is a diverse physical environment characterized by cost and schedule overruns, uncertainty and the dynamic nature of construction (Chan et al. 2004) .
Simulation is widely regarded as an effective tool for analysis of construction operations because of its ability in handling the complexity and uncertainty inherent in construction processes (Halpin et al. 2003) . In construction, computer simulation modeling is used for the purpose of monitoring the system in a controlled environment, which is safer and faster to use than in the real world. The significance of a simulation modeling tool centers on its ability to assist project managers to accurately test various scenarios of project execution plans. Such analysis generally yields better process understanding, lower cost, shorter duration and increased certainty in project delivery (AbouRizk 2010) . DES and SD are two main simulation methodologies that support automated systems which are used to analyze complex models. DES is more suitable for modeling issues of operational focus and employing reductionism in perspective. It is quantitative in nature, discreet in change and narrow in details. SD, on the other hand, is more suitable for problems that have context/strategic focus, is holistic in perspective, qualitative in nature, continuous in behavior, and broad in details (Brailsford and Hilton 2001) .
Generally construction project decisions are classified as either strategic or operational (Lyneis et al. 2001 ) with a combined structure of context and operational level variables (Lee et al. 2007) . Despite this fact, construction projects are still being modeled either by using DES or SD methodology, thus resulting in models of approximate accuracy that are incapable of capturing the holistic nature of the operations being modeled. Integrating DES and SD into a single platform contributes significantly in providing an efficient decision support tool that is not only capable of capturing the various aspects of the operation involved, but also of being able to capture feedbacks of cause and effect relationships that exist between construction variables. The hybrid simulation approach has been applied successfully in other management fields such as the software industry (Martin and Raffo 2001) and manufacturing and supply chain management (Lee et al. 2002; Venkateswaran et al. 2005; Rabelo et al. 2005) . In construction, the need to propose a hybrid DES_SD system has been argued (Lee et al. 2007; Pena-Mora et al. 2008; AbouRizk and Hague 2009; Alvanchi et al. 2011) . These research efforts focused mainly on highlighting the benefits of integrating DES and SD, but did not produce a practical and easy to use hybrid DES_SD simulation tool.
In an effort to address these concerns, this research proposes a framework for developing a hybrid DES_SD system that is capable of modeling the construction project operational and strategic environment on a single computation platform. The developed methodology integrates DES and SD to utilize their respective advantages in simulating construction projects. The research starts with studying DES and SD's unique characteristics and their applications in construction, followed by a discussion of research on hybrid simulation and issues of related integration, and then proposes a hybrid simulation framework capable of producing well-defined hybrid models. Finally, a project example is analyzed to demonstrate the use of the developed methodology and to highlight its capabilities.
COMPUTER SIMULATION APPLICATIONS IN CONSTRUCTION
Computer simulation modeling is used in construction to monitor project variables` interactions in a controlled environment. The creation of a model in a virtual world helps in understanding system behavior and optimizing cost and production. Furthermore, different project scenarios can be examined ahead of the implementation stage, which can be reflected inevitably in better planning and optimization.
Discrete Event Simulation
The DES model is a network of queues and activities, where state changes occur at discrete points of time (Brailsford and Hilton 2001) . In DES, an entity flows through the system and seizes resource/s to perform the task and when the task is accomplished, the entity releases resources. In case resource/s are busy or unavailable the entity waits in queue until resource/s become available. These actions are called events. Despite DES enjoying numerous successful applications in construction (Marzouk and Moselhi 2003; AbouRizk and Hajjar 1998; Martinez et al. 1994) , it has limited scope of simulation with respect to detailed analysis techniques with focus on the operational level of the project (Alvanchi et al. 2011; Lee et al. 2002) . As construction projects become more complex and integrated, DES becomes cumbersome in modeling the global view of the project. Also, such an approach does not address the stability of the system in a context where complex casual-effect feedback loops can cause a significant change in variables behavior (Rabelo et al. 2005) .
System Dynamics
On the other hand, SD is a methodology for problem solving. In the concept of SD, a system is defined as a collection of variables that continually interact over time to form a complete system view (Sterman 2000). Dynamics refers to change over time. A SD model captures the effects through linkages and feedback loops of the variables in the system, as well as pertinent linkages between the system and its operational environment. A major advantage of the SD methodology is its ability to trace causal relationships among system variables so as to follow any problematic behavior to its real roots in any part of the system (Rabelo et al. 2005) . SD has been used in construction to model strategic/context level of projects. It is an excellent tool to represent project environment at the strategic level and has been utilized in construction to indentify the links between operation and context levels which provides new promising applications in construction management (Lee et al. 2007) . Rodrigues and Bowers (1996) and Sterman (2000) summarized the motivating factors to apply SD in project management as follows:
1-The need to consider the whole project rather than the sum of individual elements. 2-The need to examine non-linear scenarios described by balancing and reinforcing feedback loops. 3-Highly dynamic 4-Involving both "soft" and "hard" data 5-The need for experimenting with the project behavior by applying different hypothetical scenarios, and 6-The failure of traditional analytical tools (DES) to solve parts of the project management problems.
Hybrid Simulation
The hybrid DES_SD model is defined as "an integrated model to incorporate both discrete and continuous variables within the same model" (Lee et al. 2002) . The need for a hybrid DES_SD modeling tool arises from the need to address practical issues that face project managers such as: 1) how changes in staffing, overtime and scope affect different project operations, 2) the impact of overtime on quality, 3) how errors generated in the course of operations affect the project completion date and quality, and many other questions arising from the context level of the construction project. For instance, because of the failure to meet a project schedule deadline, a manager immediately takes corrective measures by assigning more workers or considering overtime (El-Rayes and Moselhi 1998). These corrective measures have negative side effects on the project and are ignored when applying DES methodology. As an example of these side effects, adopting overtime to recover from schedule slippage will improve operation but may have negative consequences such as worker fatigue and burnout, and hence will decrease productivity. Managers who use current simulation methods don't have effective tools to answer the aforementioned questions.
The interests in developing hybrid DES_SD models were initiated by computer scientists (Martin and Raffo 2001; Zeigler et al. 2000) . Researchers used a hybrid state machine to integrate discrete and continuous variables. To incorporate continuous behaviour into a discrete system, the state diagram is allowed to have differential equations. Although a hybrid system needs to alternate between the continuous and discrete state, it can do so, by either advancing time to yield a continuous state or updating the system state to yield a discrete state. This method makes the DES paradigm predominant. Other methods to develop hybrid simulation exist; such as Discrete Event System Specifications (DEVS) and Differential Equation System Specification (DESS) formalism (Ziegler et al. 2000) . The semantics of the DEVS and DESS formalism are given in terms of the subclass of dynamic systems that it defines. A state event is the occurrence of a change in value of event condition predicate from false to true. Distributed simulation using High Level Architecture (HLA) (software architecture for creating computer simulations out of component simulations) is another method to develop hybrid simulation (Kuhl et al. 1999) . These three methods have been used by researchers from different fields of research (Martin and Raffo 2001; Lee et al. 2002; Venkateswaran and Son 2005; Rabelo et al. 2005; Alvanchi et al. 2011) .
In construction, research work in the area of hybrid simulation is lagging behind and so far is limited to identification of its potential benefits and modeling accuracy (Lee et al. 2007) . A review of related literature reveals that integrated construction modeling is more demanding and DES appears not to satisfy managers in decision support. To account for project dynamics in planning and scheduling, some researchers integrated SD models with scheduling process (Lee et al. 2006) . Alvanchi et al. (2011) proposed architecture to build hybrid simulation models using HLA, which is considered the first significant effort in developing hybrid DSE_SD architecture. Their proposed simulation time advancement method can cause a time mismatch between the DES and SD models at a certain point in time. For instance, at a specific time point, the DES model advancement time may be ahead of the SD model advancement time or vice versa. Hybrid simulation frameworks proposed in the past stressed formalization, time advancement and exchange of information between the modules, rather than enhancement of rules and guidelines to build hybrid simulation.
PROPOSED HYBRID DES_SD FRAMEWORK
The proposed methodology integrates DES and SD on a single platform to utilize their respective advantages in simulating construction operations. The developed methodology provides rules to build a hybrid simulation model. It encompasses five stages: 1) identification of the model's objectives, 2) developing criteria for selecting simulation methodology, 3) building a simulation model and identification of interface variables, 4) computation framework and 5) implementation and testing. Due to space limitations, this paper will focus primarily on the SD model development and implementation.
Identification of Model Objectives
Efforts to develop a hybrid simulation model are only justified if some parts of the problem are better modeled using DES and others are modeled using SD. Initially, managers define broad project objectives; afterward, for simplicity and accuracy, objectives are decomposed into sub-objectives. Each sub-objective corresponds to either construction operation level (DES) or strategic level (SD).
Decision Criteria to Assist in Selecting Simulation Methodology
Criteria are required to assist in classifying and identifying which elements of a project hybrid model would be modeled using DES or SD. Selecting either DES or SD simulation methodology depends on the attributes of sub-objectives and the purpose of the sub-model. For instance, if the sub-objective is related to the operational level of the model, and is of a quantitative nature and changes discreetly overtime, then it is more appropriate to use DES methodology to model variables of this sub-objective. On the other hand, if the sub-objective is related to the strategic level of the model, and is of a qualitative nature and changes continuously overtime, then it is more appropriate to use SD methodology to model variables of this subobjective.
Building Simulation Model and Identification of Interface Variables
The DES module of the developed model is built using the conventional method used to model DES models while the SD module is built using the stocks and flow concept that was clearly outlined in Sterman (2000) . Three alternative approaches were considered in building the developed hybrid simulation model: 1) DES module controlling, with information flows from SD module to DES module. This occurs when the DES module needs to update variables' values by considering context/strategic level effects on operational level. In this structure, SD module acts as an auxiliary to DES module and information flow from SD module's variables to DES module's variables, 2) SD module controlling; where the SD module updates interface variables' values from DES module. In this structure, DES module acts as an auxiliary to SD module and information flows from DES module's variables to SD module's variables and 3) feedback loop DES and SD structure; where both DES and SD modules have mutual parallel interactions. As needed, variables data are exchanged back-and-forth in parallel structure between the two modules. In the authors' opinion, the first hybrid structure is more appropriate when the hybrid model under study has prevailing operational parameters. The second hybrid structure is appropriate when strategic/context parameters of hybrid model are prevailing. The third hybrid structure is appropriate when DES and SD model variables require simultaneous data update. The next step is to identify which variables will act as interface variables. Interface variables are those points of contact where DES model interacts with SD model. Based on model requirements, interface variables are selected by the modeller to satisfy the required needs. Values of interface variables are modified throughout the simulation run. These dynamics in variables' values are the result of the mutual effects of the project's strategic and operational levels, which are typically neglected when DES is used alone.
The final step in this stage is to construct DES and SD model relationships. This includes description of DES and SD model attributes such as inputs, simulation time and outputs to the DES_SD executer. These relationships are constructed based on set theory and finite-state machine; the first can efficiently describe the hybrid model parameters, while the later is used to develop communication mechanism. In this communication, each message has an exact content intended to trigger a defined response of the receiver.
Computation Framework
The proposed computation framework of hybrid simulation modeling consists of three steps: 1) simulation time advancement, 2) synchronization mechanism and 3) integration platform. DES and SD update the system state differently. Simulation time in DES advances on the occurrence of the event and subsequently the system state is updated. In SD simulation, time advances at equal time intervals, then the system state is updated at teh end of the time interval. Usually the time interval should be small enough to capture any significant change in system state and large enough to discard unnecessary computations. Methods developed to synchronize simulation time in hybrid simulation such as conservative and optimistic time management are usually developed to support distributed simulation. Furthermore, they are used for DES methodology, which makes the applicability of those methods in a hybrid DES_SD questionable. The proposed integration platform consists of DES simulation engine and SD simulation engine and database. DES engine processes DES model and SD simulation engine processes SD model. The DES_SD executer is developed to implement the proposed methodology.
CASE STUDY
To demonstrate how the proposed framework can be applied, a hybrid model of a quarry project has been developed. This case study is adopted from Marzouk and Moselhi (2003) . It involves hauling excavated rocks from a quarry site to the location of a crusher. The quarry project involves four cyclic operations, namely loading, hauling, dumping and returning. The project scope was hauling 225,000 tons of rocks from quarry site to dam construction site. Generally, in earthmoving projects, first, the loader loads trucks with material, then these trucks travel to designated dump sites to unload the excavated rock. Empty trucks return to the loading zone. This cyclic process continues until the project is completed. These operations are mainly at the operational level of the project, therefore, DES is used to model variables of these processes.
SD MODEL DEVELOPMENT
An SD model of the case study was built using stocks, flows and feedback loops as outlined in Sterman (2000) and is shown in Figure 1 . The model was built using Vensim-PLE Version 5.10e, and was structured in such away to be compatible with the DES model outputs. In Figure 1 , the "work to do" stock is where initial project scope is backlogged, thereafter processed through the "work flow" valve that represents the productivity of the fleet used. The completed work is backlogged at "work accomplished" stock. At this stage of the research, the productivity and duration outputs of the DES model (i.e. 364tones/hr and 617 hr, respectively) are inputs to the basic SD model. Outputs of the basic SD model should give results approximately similar to that of the DES model. Figure 2 depicts the SD model outputs, which are similar to that of DES. Subsequently, different variables that arise from context level such as scope change, schedule pressure, space limitation, dumping space and equipment reliability were added to the SD model as shown in At start of the project, stock "work to do" is assigned a value that is equal to the initial project scope. Work released from this stock is processed by "work flow" valve, which is controlled by fleet productivity as shown in Figure 3 . Fleet equipment reliability is modeled by "machine condition lookup" that reflects the relationship between routine equipment maintenance and equipment condition during project execution. Outcomes of "flow of work", "required workflow" and "schedule pressure" are modeled to predict onsite productivity in a realistic manner. "Space limitation" is usually considered as an obstacle that affects the hourly productivity of the fleet. In the case study, the dumping space constraint was set at a maximum 320 tones/hr of hauled material. The space limitation variable limits fleet productivity; hence, management needs to properly manage what comes after material dumping. To reflect the possibility of project scope change somewhere during project execution, a flow called "scope change" is added to the model. 
ANALYSIS OF SD SIMULATION MODEL
Relationships between models' variables are modeled graphically in feedback loops and mathematically through mathematical equations. The developed hybrid DES_SD model is simulated by setting fleet production rate to 364 tons/hr and project duration as 617 hrs, both of which were DES model outputs. To capture minor changes in the behaviour of the developed hybrid model, the SD model was simulated by setting TIME STEP to 0.25 hr. Figure 4 (a) shows that the accumulative hauled material at "work accomplished stock" was completed in approximately 667 hrs, while that obtained using DES is 617 hrs. In a harsh environment, equipment condition deteriorates and needs periodic maintenance. Therefore, equipment productivity decreases at a certain rate as the project progresses. This situation was modeled by using a lookup table of equipment maintenance historical data. When scheduled maintenance is performed at stipulated repair intervals, machine productivity increases again, and fleet and model productivity fluctuate between 303 ton/hr to 340 ton/hr as shown in Figure 4 (b, d). Dumping space limitation is another interesting variable in the model, limiting productivity to 320 ton/hr. In cases where productivity exceeds that threshold, it will be reduced by a rate as shown in Figure 4 (c). 
CONCLUSION
This paper presented a new methodology for developing hybrid simulation models for construction projects. The developed methodology integrated DES and SD simulation methods to model project environment at the operational and strategic levels. The proposed methodology provided a comprehensive decision support tool. Existing construction simulation systems do not consider influence of context and operational variables simultaneously. Hence, the cross-influential interaction of both management levels has been neglected. To test the proposed methodology, an earthmoving project was considered. Project operational parameters were modeled using DES methodology; outputs such as productivity and duration of DES model were used as input to SD model. Analyses of hybrid model results revealed that project context/strategic parameters if integrated with operational parameters significantly affect accuracy of model results.
Although this paper contributes to the application of hybrid DES_SD modeling in construction and highlights the shortcoming of using either DES or SD, yet there are still several issues need to be resolved. Further study is needed on how to export DES model outputs to SD model at specific time points during the run of the SD model. In this paper, only SD controlling structure was used; other possible structures need to be tested. The developed hybrid simulation system will be validated by comparing real outputs of a case study with outputs of the hybrid simulation model of the same case study. This research is expected to be of value in modeling construction operations and understanding the impact of various factors on time and cost of the operations being simulated. This will allow for improvements in planning and execution of construction work with cost and time savings as well as improved resource utilization and safety through the execution of construction operations. 
